ABSTRACT Time course measurements of in vitro gas production of feedstuffs incubated with buffered ruminal fluid give information about the rate at which the feed is fermented. To compare gas production kinetics from different feeds, a mathematical model was needed to describe the data. We investigated several existing models (exponential, logistic, Gompertz, Richards, Schnute), fitting them to 50 gas production curves obtained with grass silages. None of them gave a satisfactory description of the data. A new model was developed (modified Gompertz model; mGom) that basically divided gas production into two fractions, one arising from rapidly fermentable feed components and the other from slowly fermentable feed components. Residual mean squares (RMS) for the mGom model were lower ( P e .05; n = 50) than the RMS for the other models. A good statistical comparison of kinetic gas production data is made possible with the mGom model.
Introduction
In vivo digestibility of animal feeds can be estimated by measuring in-vitro gas production of feed samples incubated in ruminal fluid buffered with HC03-IC02 (Menke et al., 1979) . This method can also be used to measure the degradation rates of feedstuffs by following gas production over time (Van der Meer et al., 1988; Krishnamoorty et al., 1991; Merry et al., 1991) .
In such sigmoidal gas production curves three phases can be distinguished: 1) the phase of slow or no gas production (initial phase), 2 ) the phase of rapid gas production (exponential phase), and 3 ) the phase in which the rate of gas production slows and finally reaches zero (asymptotic phase). During the initial phase, hydration, attachment, and colonization of insoluble substrate by ruminal microbes take place (Cheng et al., 1980) . When the substrate is saturated with microbes or enzymes, the phase of exponential gas production is reached. During this phase the most easily degradable part of the insoluble substrate is degraded first, leaving an increasingly less digestible substrate. Finally, nondegradable material is left and gas production rate reaches zero.
To evaluate the results of such kinetic gas production studies, a suitable model that describes gas production over time is essential. In this paper we try to facilitate data analysis by modeling the data, thus reducing them to a few parameters. Several existing models were fitted to the gas production curves of grass silages. We will show that none of these models describes the gas production satisfactorily, and we will present in this paper a new model for the description of gas production curves.
Materials and Methods

Models
France and Thornley ( 1984) described several sigmoidal growth models for biological systems, some of which are listed in Table 1 . These models were used to connect gas production (Y) to time ( t ) through a
The only nonsigmoidal model is the exponential model, which is frequently used in feed evaluation by employing the nylon bag technique (Orskov and 
= upper asymptote, representing total gas production; ti = point of inflection; X = lag phase; v, a, and b = shape parameters; fi = specific gas production rate; fi, fro,., and PO, = specific initial gas production rates; D, D,, and D, = fractional constants governing the decay; t l and t2 = fixed time points; Y1 and Yz = expected Y at tl and t2, respectively. McDonald, 1970) . This model describes simple firstorder reaction kinetics with or without a lag phase. In the case of gas production, gas production rate (dYidt) is proportional to the amount of gas yet to be produced, which is a reflection of the substrate concentration. The logistic model assumes gas production rate to be proportional to microbial activity, represented by the amount of gas already produced, and to substrate concentration. The Gompertz model assumes that gas production rate is proportional to the microbial activity, but the proportionality parameter decreases with time, according to first-order kinetics, which can be ascribed to loss of efficiency in fermentation rate with time. The Richards model, which is a generalization of the logistic model, introduces a fourth parameter (VI, which allows some flexibility in the shape of the curve. For v = -1, 0, and 1 the Richards model is reduced to the exponential, Gompertz, and logistic model, respectively (Richards, 1959) . The Schnute model also is a comprehensive model that includes many other equations as special cases. This model is more flexible and its parameters are statistically more stable than are the parameters with the Richards model (Schnute, 1981) .
Data Set and Gas Production Measurements
Twenty different grass silage samples were obtained from different ensiling experiments using laboratory or farm silos. Samples were oven-dried (70°C) and ground through a l-mm sieve. Samples were selected to obtain variability in stage of maturity, DM content, chemical composition, and use of silage additives. The DM content at ensiling varied from 162 to 491 g/kg DM, NDF content from 228 to 569 g/kg DM, reducing sugars from 11 to 137 g/kg DM, lactate content from 0 to 221 g/kg DM, and crude protein from 103 to 280 g/kg DM. The silage with 0 g/ kg DM lactate was obtained by adding formic acid at a rate of 8 mL/kg. Silage samples (. 5 g) were incubated with 60 mL of ruminal fluid buffered with HC03-/C02 . Gas production was followed over time with an automated system based on the weighing of the amount of liquid (saturated NaCl solution at pH = 1) displaced by the fermentation gas produced. A detailed description of the system and the experimental procedure was given by . Samples were incubated in duplicate or in triplicate, resulting in 50 individual gas production curves.
Statistical Comparison o f Models
Because for a given gas production curve the residuals from fitted models were not independent, the models could not be compared by an F-test or a t-test (e.g., Zwietering et al., 1990) . We used residual mean squares ( RMS) to discriminate between models. Data were fitted to exponential, logistic, Gompertz, Richards, Schnute, and modified Gompertz ( mGom; see next section) models. The RMS were compared by weighted analysis of variance. Weight for each model was the reciprocal of the variance of RMS. Models were fitted using the statistical program Genstat (Payne et al., 1987) .
Description of Modified Gompertz Model
Applying the Gompertz model to gas production, gas production rate is assumed to be proportional to microbial activity, projected as gas production (Y) with a proportionality parameter ( p ) :
The parameter p , representing the specific gas production rate, is governed by a constant ( D ) describing the decay in specific gas production rate (caused by diminishing growth rate of microorganisms and increasing substrate limitation as reflected in gas production):
with po being the value of p at t = 0.
This did not describe our data satisfactorily, especially for the samples that showed a rapid gas production during early stages of fermentation and a slowly increasing asymptote. To obtain a better fit, the parameter p was modified and divided into two parts, one for rapid early gas production rates ( pr) and one for the slower gas production rates during later stages of fermentation ( p s ) 
However, as with t +-, the asymptote Y, = Yo exp (por/Dr + poS/D,) is reached, it is more convenient to work with:
From this mGom model (Equation [51) , the following degradation characteristics can be derived. Gas production rate is maximal in the point of inflection at which the second derivative is zero. Maximum gas production rate is the slope of the tangent line through the point of inflection. In the Genstat computer program these parameters are approached numerically because they cannot be explicitly calculated from Equation [5] . Length of the initial phase is defined as the t-axis intercept of the tangent line through the point of inflection and can be calculated after the point of inflection and maximum gas production rate are known. Further parameters t o be derived are total gas production (asymptote, Y,) and a parameter providing information about the asymptotic phase (arbitrary chosen as the time at which 95% of the asymptote is reached, t . 9 5~~) .
Results and Discussion
The RMS for exponential, Gompertz, Schnute, and mGom models for 50 gas production curves are depicted in Figure 1 . In all cases, exponential fit had the highest RMS. Fitting mGom resulted in RMS lower than or similar to Gompertz fit, which was influenced by the fact that the Genstat computer program used Gompertz parameters as starting values for mGom fit and tried to lower RMS.
For the Gompertz, Schnute, and mGom models, RMS were generally low; mGom had the lowest RMS for 70% of the curves. Because variation of RMS for the exponential model was much higher than variation of RMS obtained with the other models, RMS were compared by weighted analysis of variance. The RMS for the exponential model were highest ( P < .05), followed by logistic RMS (Table 2) . Gompertz and Richards models had the same RMS, whereas RMS for Schnute model were lower ( P c .05) than those for the Gompertz model, but they did not differ from the RMS for Richards model. The RMS for the mGom model were lower ( P <: .05) than the RMS for the other five models ( Table 2) . Figure 2 illustrates the fit provided by the Gompertz, Schute, and mGom models to gas production from one grass silage sample. The Gompertz model underestimated the asymptote and did not give a successful fit for the exponential part of the curve. The Schnute model did not fit the first part of the curve correctly but fitted the asymptotic phase quite well. However, the mGom model overcame these problems and gave a good fit of the first stage of fermentation as well as the asymptotic phase. This pattern was obvious for samples having rapid gas production during the early stage of fermentation together with a slower development in the asymptotic phase.
The exponential model is widely used in ruminant feedstuff evaluation to describe degradation kinetics as measured with the nylon bag technique (grskov and McDonald, 1970) , but it has also been used to describe kinetic gas production data (Krishnamoorty et al., 1991) . Our data show that the fit of an exponential model to gas production data is inferior to all other (sigmoidal) models discussed here. This might be explained by the following argumentation. Histologically, grass cell walls can be divided into three types: 1) the rapidly fermentable material (mesophyll cells), 2) the slowly fermentable material (bundle sheath cells and sclerenchyma1 tissue), and 3 ) the unfermentable fraction consisting mainly of lignified vascular tissue (Akin, 1979; Cheng et al., 1980; Harbers et al., 1981; Chesson et al., 1986) . Part of the substrate, mainly soluble sugars, may be fermented immediately, but this is only a small part of the potentially fermentable material. As more substrate is hydrated and colonized by microorganisms, the fermentation rate will increase (Van Milgen et al., 1991) . From this point of view it is obvious that an exponential model, as often used in feed evaluation systems (0rskov and McDonald, 1970; Krishnamoorty et al., 1991) , shows high RMS when fitted to gas production data because it assumes that after a discrete lag time (in which no apparent activity occurs) the feed is fermented instantaneously at maximum rate. Figure 2 . Time course of gas production of grass silage (a; milliliters of gaslgram of organic matter) and fit to Gompertz (....), Schnute (---) , and modified Gompertz ( -1 models.
Gas production is proportional to the amount of metabolic end products produced during bacterial growth. Therefore it is not surprising that gas production curves resemble the sigmoidal growth curves of bacteria grown in batch culture (Zwietering et al., 1990) . where Ymr = Y, exp (-po@,) . Y, can be identified with the gas production arising from rapidly fermentable components and Y, , with its total gas production.
Biological Interpretation of the Modified Gompertz Equation
Therefore Y, = Y -Yr must represent the gas production from the slowly fermentable fraction. Only now, Y, is not a Gompertz function, as Yr is. At this point an interesting feature of our model can be derived. The following Gompertz function has the same asymptote and maximum gas production rate as Y,:
[ 71 where YWs = Y, -YWr. The Ys,pot can be interpreted as potential gas production from the slowly fermentable fraction. However, Figure 3 shows that during the first 15 h of fermentation Ys,pot > Y,, indicating that during this period not all the slowly fermentable Tlmr (h) Figure 3 . Time course of gas production of grass silage ( 0 ) and fit to modified Gompertz model (-). Gas production can be divided by this model into gas production arising from rapidly and slowly fermentable components of the feed [Y, [---I the mGom model from the other models described in this paper. The other models assume all substrate to be available for fermentation at t = 0. The mGom model takes into account that the slowly degradable fraction is not entirely available for fermentation during the early stage of fermentation and that the fermentation of slowly fermentable components is suppressed by fermentation of rapidly fermentable components. For substrates such as grass and grass silages the assumption that all substrate is available for fermentation at t = 0 is clearly not biologically correct. Despite grinding the incubated samples through a l-mm sieve, particles probably varied in shape, size, and chemical composition; only the outside of the particles was available for hydration, colonization, and degradation by microbes.
Rapid gas production was usually completed within 10 to 15 h, whereas slow gas production took much longer to complete. Chesson et al. (1986) incubated isolated grass cell walls in the rumen of sheep. Loss of DM from mesophyll and epidermis cell walls was completed within 12 h, whereas fiber cell walls showed only a 40% loss of DM during the same period.
These findings can be very well described by our model.
From fitted curve parameters, other fermentation characteristics can be derived. The length of the initial phase indicates the time needed for hydration, attachment, and colonization by the microbes. The maximum gas production rate gives information concerning the availability of the substrate when the limitations of the initial phase have been dealt with (France et al., 
1990
). This parameter might be closely related to the degradation rate of a feedstuff in the rumen. Total gas production (asymptote) has been shown to have a close relationship with digestibility (Menke et al., 1979) . Five parameters of the mGom model are sufficient to obtain a complete picture of the gas production curve, namely, length of initial phase, maximum gas production rate, total gas production, the time at which gas production rate is maximal, and the time at which 95% of the asymptote is reached. Evaluation of gas production kinetics can be a valuable instrument for evaluating feed additives (e.g., cell wall degrading enzymes), but it can also have its application in the field of plant genetics, in the search for better and more rapidly degradable varieties.
Applying the mGom Model to Other Feeds
The mGom model was developed for grass and grass silages, but its potential for describing gas production curves from other feeds was also examined. Gas production curves (triplicates) of whole-crop corn silage ( CS), corn cob mix ( CCM), chopped corn ear silage (CES), ensiled brewers grains (EBG), and palm kernel expeller ( PKE) were fitted to the mGom model and compared with Gompertz fit.
Because the comprehensive mGom model encompasses the Gompertz model, these models could ' 3, compared by F-test (e.g., Zwietering et al., 1990) . i h e mGom residuals have a normal distribution but are not independent, so this comparison is at best an approximation. The Gom and mGom models were fitted to gas production data and residual sum of Gompertz model already gives an adequate fit of the data. The terms RSSl and R S S 2 are RSS from mGom and Gompertz model, respectively. The term df1 is the number of degrees of freedom for the mGom model (equalling the number of observations minus 5 ) . For CS, CCM, CES, and PKE fitted curves were similar (results are not shown), but for EBG a closer fit (P < .05) was obtained with the mGom model. The GomDertz model gave an underestimation of the asymptote and higher RMS for the the curve (Figure 4) .
exponential part of
Implications
The modified Gompertz (mGom) model gave a good description of the gas production curves obtained by incubation of different feedstuffs with buffered ruminal fluid. It allows a statistical comparison of in vitro ruminal fermentation patterns for any feedstuffs. Total gas production is known to give a good estimation of digestibility. The other parameters from the mGom model could give valuable additional information about ruminal degradation of feedstuffs. It allows feedstuffs to be ranked for their total digestibility and also for their rate of digestion. To determine the exact biological and physiological meaning of these parameters, more research is needed.
